proposed to evaluate the blind processing results of a BPSK signal. Initially, a reference signal was constructed depending on the certain identified modulation results. By analyzing the differences of the phase of the correlation series between the observed signal and the reference signal, a reliability test problem for the BPSK signal is performed by calculating the phase spectrum entropy and comparing it with a certain threshold. Simulation results show that the proposed method can be used to verify the reliability of the blind processing results of a BPSK signal at a low signal-to-noise ratio and without a priori knowledge of the signal parameters.
INTRODUCTION
Signal detection, modulation recognition, and parameter estimation are the important operations of signal processing in electronic surveillance and cognitive radio under the condition of lacking a priori information and low signal-to-noise ratio (SNR). These three operations directly affect the results of successive signal processing parts. In electronic surveillance, the results of frontend signal processing will affect the successive signal sorting, locating, tracking, interference, and emitter recognition. In cognitive radio (CR), the reliable results of front-end spectrum sensing and analysis are the premise and foundation of operations such as spectrum sensing and management. Generally, modulation recognition, parameter estimation, and other signal processing results are only blind treatments because of a lack of a priori information in the signal processing domain of electronic surveillance and CR. Judging the accuracy of the processing result has become a new issue in CR and electronic surveillance. The IEEE P1990.6 standard (about CR) [1] , reports that a credibility evaluation for modulation recognition of part of a civilian wireless signal sensing device has been considered as an output parameter. Reference [2] shows that the credibility evaluation has been regarded as an independent new operation of modulation recognition in military signal processing systems under conditions of noncooperation that can be used to judge an unknown signal. ratios under different hypotheses to measure the credibility. However, it is also difficult to calculate the likelihood functions without a priori information. Reference [9] proposed a credibility assessment method of signal blind processing based on a lack-of-fit test of linear regression for a BPSK signal. However, the lack-of-fit test for the regression depended on clustering to achieve duplicate samples. Thus, the cluster method and the number of clusters will affect the performance of this method.
This paper first constructed a reference signal, and subsequently calculated the correlations between the reference signal and the observation signal. Then, the phases of spectrums of the correlations were calculated. The credibility assessment of the BPSK signal blind processing results can be obtained by testing the entropy of the phase spectrum. The simulation showed that this method can test the credibility of BPSK signal blind processing at a low signal-to-noise ratio and without a priori knowledge for the signal parameters, and that the algorithm is simple.
II. SIGNAL MODEL
The complex BPSK signal model in a limited observation time can be described as
where A is the amplitude, 0 f is the carrier， q is the initial phase， c N is the number of symbols，T is the observation period, c T is the duration of the symbol， k c is the binary k-th symbol, and P is the gate function defined as , ( ) , others
The discrete sample sequences of the BPSK signal added noise can be described as
where D t is the sampling interval, and ( ) w n is the complex zero-mean band-limited white Gaussian noise with a variance σ 2 2 of which the real part and the imaginary part are independent. N is the number of samples, and the signal-to-noise ratio can be defined as σ = 
The correlations between the observed signal ( ) x n and reference signal 0 ( ) y n can be given as
where 
where ( )
. The phase of ( ) z n can be obtained by H is assumed, the statistic histogram is heavier in the left tail. If the number of decoding errors increases, the phase jump will increase, and the phase probability distribution curve will show a greater difference from that under the hypothesis 0 H .
If the bandwidth of the BPSK signal is small, or the signal is distorted because of interference, the signal may be regarded as a normal signal (NS) or other modulation signal on the receiver side. Assuming the signal is recognized as an NS, the reference signal is structured as a sinusoid
. Then the correlations between the reference signal and the observed signal can be obtained:
where
is the signal part, and 1 ( ) w n is the equivalent complex zero-mean band-limited white Gaussian noise with a variance of 2 2s . The phase of 1 ( ) z n can be calculated as
From formula (13), we find that the phase-error function In conclusion, under the hypotheses 0 H and 1 H , the instantaneous phase curves of correlation between the reference signal and the original signal are obviously different. Under hypothesis 0 H , the phase of 1 ( ) z n can be regarded as an approximate random series around the initial phase of the observed signal, and whose probability distribution can be described by formula (11) . Under hypothesis 1 H , the phase sequence is combined with a random phase component and determined phase component, and the probability distribution cannot be described by formula (11) . From the above analysis, we find that the instantaneous phase curves of the correlation series are different under different hypotheses. The difference mainly demonstrates the randomness of the phase sequence. Therefore the problem is how to judge whether the phase sequence is random.
The phase spectrum entropy can be used as the criterion.
Considering the correlation series ( ) z n , the phase spectrum can be achieved by DFT: In addition, the mean value of the random noise phase spectrum entropy is rarely affected by noise variance. The algorithm flow proposed by this paper is shown in Figure 6 . The key steps are described as follows:
(1) Parameter estimation and reference signal construction: Recognize the modulation type, then estimate the corresponding parameters and construct the reference signal.
(2) Feature extraction: Extract the phase of the correlation series between the reference signal and the received signal, and then calculate the phase spectrum entropy after removing the mean.
IV. PERFORMANCE SIMULATION AND ANALYSIS
Assume the received signal ( ) x n is the BPSK signal polluted by additive white Gaussian noise, the carrier is 29.081 MHz, the symbol width is 1 s m , the code series is [1，1111，0011，0101]
(which is a 13-bit Barker code), the sampling frequency processing results is detected by this method.
Experiment 2: Co-Simulation. The intrapulse modulation recognition algorithm used the method in references [12, 13] , and the parameter estimation algorithm used the method in reference [14] .
A total of 5000 simulations were executed. Under the conditions of experiment 1, any modulation recognition methods can be used. From Table 1 , we find that the statistical performance of the inspection method based on phase spectrum entropy proposed by this paper depends on the SNR and the threshold value. When the threshold is determined, two type error probabilities decrease and false detection probability increases with the ascents of SNR.
When the threshold is certain, two type error probabilities decrease, the ratio of error detection increases as the SNR increases. When the threshold is 0.9 and the SNR is greater than -5 dB, two type error probabilities are less than 9%, and the ratio of error detection is higher than 88%. The performance of the credibility evaluation will worsen when the SNR is less than -5 dB. The threshold will affect the detection performance when the SNR is certain. When the threshold is higher, two type error probabilities are lower and the detection probability is higher. However, two type error probabilities will not become lower at the same time. In practice, the threshold is usually approximately 0.9. If the SNR is not less than 0 dB, the algorithm can detect more than 4983 cases from 5000 simulations where the modulation mode can be correctly recognized and there is no decode error, and two type error probabilities are very small. When the SNR is in the range of [-3 dB，-4 dB], the errors of modulation recognition and decoding will increase as the SNR decreases. When the SNR is in the range of [-5 dB，-6 dB], the errors of modulation recognition and decoding will further increase as the SNR decreases, while most of them can be identified by the algorithm proposed in this article. For example, suppose the SNR is -5 dB and the threshold λ is 0.85.
There are 85 errors of modulation recognition and decoding. When 71 errors can be identified, the ratio of error detection is higher than 84.3%. However, two type error probabilities will increase as the SNR decreases. When the SNR is less than -7 dB, the performance of the BPSK blind signal processing method will dramatically worsen. Thus the errors of modulation recognition and decoding will further increase. Even in this case, if the threshold λ is 0.9, the ratio of error detection is higher than 83.8%.
From the simulation results, we find that the credibility test method for blind processing results of a BPSK signal has a preferable capacity for error detection under conditions with a small SNR.
This method needs no a priori information of the signal and has low probabilities of two type errors.
V. CONCLUSION
By investigating the credibility of blind processing results for a BPSK signal, the phase of correlations between the reference signal and observed signal was obtained. The characteristics of phase spectrum entropy are used to assess the credibility of blind signal processing results. The simulation shows that the method can effectively assess the credibility of blind processing results for a BPSK signal. This method needs no a priori information and is simple and effective. The method can improve the reliability and the validity of blind processing results for radar and cognitive radio signals, which are valuable in the theoretical and practical domains. 
